Using wind and temperature data with high vertical resolution obtained from Global Positioning System (GPS) radiosondes which were launched four times a day at Gerze (32.2 N, 84.4 E) and Litang (30.0 N, 100.3 E) stations during the People's Republic of China (PRC)-Japan cooperative JICA project in 2008, the characteristics of gravity waves such as vertical energy propagation directions, intrinsic frequencies, vertical wavelengths, and horizontal propagation directions over the Tibetan Plateau are investigated by hodograph method. The statistic characteristics of the gravity waves show that the activities of the gravity waves over the western and eastern Tibetan Plateau have significant spatial variations except for horizontal propagation directions, and that the gravity waves over the eastern Tibetan Plateau are easier to be triggered. The energy propagates upward for almost half of the observed gravity waves, and the energy propagation is downward for the other half of the gravity waves, indicating that the wave sources in lower and upper troposphere are equally important over the Tibetan Plateau. The dominant gravity wave frequencies lie in the frequency range of 2-2.5 times of Coriolis parameter f at Gerze station, while the dominant gravity wave frequencies are in the range of 1.5-2 times of f at Litang station. The dominant vertical wavelengths are 1.5-2.5 km over Gerze and Litang. For Gerze station, the dominant gravity waves propagate along the west-southwestward directions, while the dominant gravity wave propagating directions are north-northwestward for Litang station.
Introduction
Gravity waves are ubiquitous and play an essential role in the dynamics and thermal structure of the whole atmosphere from the lower troposphere to the middle atmosphere (Lindzen 1981; Holton 1983; Tanaka and Yamanaka 1985; Palmer et al. 1986; Fritts and Vincent 1987) . Many studies have focused on the various sources of the gravity waves, and got a more thorough understanding of their origins (Fritts and Alexander 2003) . The primary sources of gravity waves in the troposphere are believed to include mountains (e.g., Durran and Klemp 1987; Nastrom and Fritts 1992) , convection (e.g., Fovell et al. 1992; Lane et al. 2001; Niranjan Kumar and Ramkumar 2008) , wind shear (e.g., Einaudi et al. 1978; Fritts 1984) , and adjustment of unbalanced flows related of jet-front systems (e.g., Uccellini and Koch 1987; Zhang 2004; Lin and Zhang 2008; Wang et al. 2009 ). Scavuzzo et al. (1998) analyzed some wellcharacterized transient inertia gravity waves with low intrinsic frequency propagating upward and downward from the level where the amplitudes of initial mountain waves were large. They proposed that the observed inertia gravity waves resulted from the geostrophic adjustment of the large-scale flow due to the breaking of the main large mountain wave. De la Torre et al. (2004) Spiga et al. 2008) , the existence of inertia gravity wave sources in the Andes Range region was investigated by observations and simulations, respectively. Their results suggested that the major sources in this area were jet-stream, convection, and topography. It was also illustrated that these sources were recurrently in action in this area, and di¤erent sources could act simultaneously. It's to be noted that there are still technological issues for this space-borne remote sensing technique, the groundbased observations are quite reliable and important to depict detailed characteristics of gravity waves in a local region.
Known as the ''Roof of the World'', the Tibetan Plateau is a vast, elevated plateau with a highly complex terrain in Central Asia. It has an average elevation of over 4500 meters, and represents a very huge West-East obstacle to the zonal circulation in favor of generating large amplitude gravity waves. At the same time, convective activity also occurs frequently over the Tibetan Plateau region, especially in summer. This shows that various sources of gravity waves are potentially present in the Tibetan Plateau, the nature of gravity waves over the Tibetan Plateau is still unclear. In this study, the statistics of the gravity waves over the Tibetan Plateau are investigated, using highresolution GPS radiosonde data obtained from the PRC-Japan cooperative JICA project in 2008. profiles with a vertical interval of 50 m were made by linear interpolation to make further analysis easier. In order to obtain the perturbation quantities associated with gravity waves, a 4th-order polynomial is applied to the profiles of horizontal winds and temperature as an estimate of the background states . Then the perturbation quantities are gained when subtracting the background states from the actual radiosonde profiles. Owing to the presence of small-scale turbulence, a non-recursive bandpass digital filter using the Kaiser window is used to suppress the small-scale perturbations. The details of the filter and its transfer function can be found in the Appendix of Scavuzzo et al. (1998) . Here the filter window 1-5 km is chosen with reference to Plougonven et al. (2003) . It is to be noted that the height range 5-11 km representing troposphere over the Tibetan Plateau, is the heights of interest in this text. Figure 2 shows a typical example of raw and background profiles of horizontal winds and temperature in the troposphere, as observed on June 6, 2008 at 1200 GMT over Gerze station. The corresponding vertical perturbation profiles of the temperature, zonal wind and meridional wind including the original and the filtered are displayed in Fig. 3 .
Data and methods

During
For estimating gravity wave parameters such as intrinsic frequencies, vertical wavelengths and directions of propagation, the hodograph method is applied to the horizontal wind perturbations (Plougonven et al. 2003; Zhang et al. 2004) . The vertical propagation directions of gravity waves can be estimated from rotation of the horizontal wind vector hodograph. In the northern hemisphere, the clockwise rotation of the horizontal wind vector hodograph with altitude indicates that the propagation directions of the gravity waves are downward and the direction of gravity wave energy is upward (Cho 1995) . And the horizontal orientation of the wave vector can be determined from the major axis of the hodograph ellipse with 180 degrees ambiguity. The ambiguity can be removed according to the polarization relation between the in-phase wind perturbations and the corresponding temperature fluctuations. The clockwise rotation of the in-phase wind and temperature vector hodograph with increasing altitude suggests that the horizontal orientation of the wave vector points to positive x direction. The rotations are reversed for wave vectors point to the opposite direction (Cho 1995) . Figure 4 gives a typical example of the hodograph of horizontal wind perturbations, and the hodograph of in-phase wind and temperature perturbations associated with gravity waves at Gerze station. The hodographs of unfiltered horizontal wind perturbations are presented in Figs. 4a, b shows the hodograph of filtered horizontal wind perturbations. As shown in Fig. 4 , both the hodograph of horizontal wind perturbations and the hodograph of in-phase wind and temperature perturbations rotate counterclockwise with height, indicating that there is a downward propagation of energy, the horizontal orientation of the wave vector is about 211 degrees, the vertical wavelength 1.7 km, and the intrinsic frequency 2.6 times of Coriolis parameter f .
Characteristics of the gravity waves
After processing all the 258 radiosonde observations at Gerze and 99 radiosonde observations at Litang using the methods described above, 77 and 40 gravity waves are identified at Gerze and Litang stations, respectively. The results seem to indicate that gravity waves are easier to be triggered in the eastern Tibetan Plateau than those in the western Tibetan Plateau. This characteristic is likely to relate to the distribution of complex topography and strong convection in the eastern Tibetan Plateau.
Regarding the vertical energy propagation directions of the identified gravity waves, the statistic analyses indicate that there are 36 energy upward propagation gravity waves among the 77 gravity waves, i.e., 47 percent of the gravity waves are energy upward propagation for Gerze station; and 18 energy upward propagation waves among the 40 waves i.e., 45 percent of the gravity waves are energy upward propagation for Litang station. The appearance frequency of the energy upward gravity waves is almost equivalent to the downward propagation waves for each station. This suggests that multiple sources of gravity waves exist in the Tibetan Plateau area, and the wave sources in lower and upper troposphere are equally important.
The occurrence frequency distributions of ratio between intrinsic frequency and Coriolis frequency at Gerze and Litang stations are shown in Figs. 5a, b, respectively. As seen in Figs. 5a , b, it indicates that the peak occurrence with the value of 30% at Gerze station lies in the frequency range of 2-2.5 times of Coriolis parameter f , while the peak occurrence with the value of 25% at Litang station lies in the frequency range of 1.5-2 times of f . The dominant gravity wave perturbations in the troposphere over the Tibetan Plateau are the inertia gravity waves, but there are variations for the dominant gravity wave frequency over the western and eastern Tibetan Plateau. Figures 5c, d give the occurrence frequency distributions of vertical wavelengths at Gerze and Litang stations, respectively. It can be seen that the dominant vertical wavelengths for the gravity waves mainly lie in the scale range 1.5-2.5 km, with peak occurrence in the same wavelength range of 1.5-2 km. It is to be noted that the bandpass fil- ter had excluded the perturbations with vertical wavelength scales larger than 5 km or shorter than 1 km, hence vertical wavelengths in Figs. 5c, d vary from 1 to 5 km. The horizontal propagation directions of the gravity waves at Gerze and Litang stations are shown in Fig. 6 . For gravity waves observed at Gerze station, the dominant gravity waves propagate along the west-southwestward directions. A significant di¤erence is that the horizontal propagation directions of the gravity waves at Litang station are north-northwestward directions. Fig. 3 . Vertical perturbation profiles of (a) the zonal wind, (b) the meridional wind and (c) the temperature for 5-11 km heights on June 6, 2008 at 1200 GMT over Gerze station. The solid lines denote the raw profiles, and the dashed lines denote the perturbations obtained by filtering out the scales larger than 5 km or shorter than 1 km.
Summary and discussion
Using wind and temperature data obtained by GPS radiosondes which were launched four times a day at 0000, 0600, 1200, and 1800 GMT over Gerze and Litang stations during the PRC-Japan cooperative JICA project in 2008, 77 and 40 gravity waves in the troposphere are identified by hodograph method at Gerze and Litang stations, respectively.
Comparing with statistical characteristics of the gravity waves at Gerze and Litang stations, it can be found that the activities of gravity waves over the western and eastern Tibetan Plateau have significant spatial variations except for horizontal propagation directions, the gravity waves over the eastern Tibetan Plateau are easier to be triggered. The vertical energy propagations have no dominant directions, it indicates that the wave sources in lower and upper troposphere are equally important over the Tibetan Plateau. The dominant gravity wave frequencies lie in the frequency range of 2-2.5 times of Coriolis parameter f at Gerze station, while the dominant gravity wave frequencies lie in the frequency range of 1.5-2 times of f at Litang station. The dominant vertical wavelengths are 1.5-2.5 km over Gerze and Litang. For Gerze station, the dominant gravity waves propagate along the west-southwestward directions, while the dominant gravity wave directions are northnorthwestward directions for Litang station.
In this paper, all the conclusions described above are obtained from the limited GPS radiosonde data based on the PRC-Japan cooperative JICA project in 2008, the wind and temperature disturbances at Gerze and Litang stations are investigated, respectively. Similar to the previous studies (Sawyer 1961; Kitamura and Hirota 1989; Ogino et al. 1995; Yamanaka et al. 1996; Ogino et al. 1999; Hirota and Niki 1985) , it is found that they show a same gravity wave-like form, but it also indicates that there are di¤erences between this study and above mentioned previous studies. The dominant gravity wave frequencies lie in the frequency range of 1.5-2.5 times of Coriolis parameter f in this study, it is di¤erent from the dominance of intrinsic frequency around 4f indicated by Hirota and Niki (1985) . Especially, the gravity wave activities are also di¤erent over the eastern Tibetan Plateau and the western Tibetan Plateau, among the 258 radiosonde observations at Gerze (it locates on the western Tibetan Plateau), 77 gravity waves are identified, and it indicates that the percentage of the gravity waves at Gerze is about 30%. 40 gravity waves are identified among 99 radiosonde observations at Litang (it locates on the eastern Tibetan Plateau), the percentage of the gravity waves is about 40%. The results show that gravity waves are easier to be triggered in the eastern Tibetan Plateau than those in the western Tibetan Plateau. It's also to be noted that many authors (see e.g., have considered this di¤erence may be related to di¤erence of the ratio between kinetic and potential energy. The relation between these gravity wave characteristics and environment conditions, terrain distribution and convection are studied in the future.
